The dications MgS 2+ and SiN 2+ , experimentally observed by mass spectroscopy, are theoretically studied here. The potential energy curves of the electronic states of the two dications MgS 2+ and SiN 2+ are mapped and their spectroscopic parameters determined by analysis of the electronic, vibrational and rotational wave functions obtained by using complete active space self-consistent field (CASSCF) calculations, followed by the internally contracted multi-reference configuration interaction (MRCI)+Q associated with the AV5Z correlation consistent atomic orbitals basis sets. In the following, besides the characterization of the potential energy curves, excitation and dissociation energies, spectroscopic constants and a double-ionization spectra of MgS and SiN are determined using the transition moments values and Franck-Condon factors. The electronic ground states of the two dications appear to be of X 3 ∑ − nature for MgS 2+ and X 4 ∑ − for SiN 2+ and shows potential wells of about 1.20 eV and 1.40 eV, respectively. Several excited states of these doubly charged molecules also depicted here are slightly bound. The adiabatic double-ionization energies were deduced, at 21.4 eV and 18.4 eV, respectively, from the potential energy curves of the electronic ground states of the neutral and charged species. The neutral molecules, since involved, are also investigated here. From all these results, the experimental lines of the mass spectra of MgS and SiN could be partly assigned.
Introduction
In order to participate in forming a spectroscopic database of the species potentially existing in the interstellar medium, we look to determine the electronic structures, the potential energy curves (PECs) and the spectroscopic constants of species recently detected. In this context, we have studied here the MgS 2+ and SiN 2+ dications detected in laboratory by Franzreb and Williams (Arizona State University) (see Figure 1 ) [1] . These species are shown to be long lived and metastable in the gas phase [2] . The theoretical study performed here is based on ab initio quantum chemistry calculations. The ab initio calculations, the theoretical determination of electronic structures, the potential energy curves and spectroscopic constants are definitely helpful to confirm the experimental results obtained by mass spectroscopy. We first investigate the neutral MgS and SiN molecules, and then we looked at the dications. The accurate ab initio calculations performed on the low-lying electronic states show the existence of, at least, 12 bound states of MgS and five bound states for MgS 2+ , six electronic states for the neutral SiN and six for its dication. The potential energy curves of all these states are mapped, and the spectroscopic constants, the transition moments and the double photoionization spectra are determined. A comparison with experiment is made and an investigation on the spectroscopy and dissociation dynamics as well. Some spectroscopic constants and vibrational levels of the neutral electronic states ( Tables 1 and 2 ) are also calculated here.
Najia Komiha is the corresponding author. © 2017 Walter de Gruyter GmbH, Berlin/Boston. This content is free. Figure 2 displays the global potential energy curves of low-lying singlet and triplet electronic states of the MgS molecule. These electronic states are correlated to the four lowest dissociation asymptotes: Mg ( 3 P u ) + S ( 3 P g ), Mg ( 1 S g ) + S( 1 D g ), Mg ( 3 P u ) + S ( 3 P g ) and Mg ( 1 S g ) + S ( 3 P g ). The energy ordering of the asymptotes is deduced from the literature [8] and compared to the values from our calculations. As shown by V.W. Ribas et al. [9] (Table 3) , the ground state is of X 1 Σ + symmetry and presents a multiconfigurational character with an important contribution of the two configurations, 7σ 2 8σ 2 3π 4 and 7σ 2 8σ 1 9σ 1 3π 4 [9] [10] [11] [12] [13] [14] . The energies of the vibrational and rotational levels are obtained when solving the radial equation; the Numerov and Cooley methods [5] were used for that (see Table 2 ). Table 1 gives the spectroscopic constants of the bound electronic states of MgS, and we provide the equilibrium distances (bohr), the harmonic wave numbers, the anharmonic terms and the rotational constants and compare them to experimental values. Our results are very close to those of the literature and hence prove the reliability of our theoretical calculations. The theoretical vibrational spectrum could be mapped using the MRCI PECs. Figure 3 presents the spectrum obtained by using the transition moments between the ground state X 1 Σ + and 1 1 Π, 2 1 Π states (the transition moments between sigma states could not be calculated). According to this spectrum, the most probable transition is for 1 1 Π state, the energy related for this transition is between 3.89 × 10 3 cm −1 and 15.79 × 10 3 cm −1 . The FC factors for the different transitions between the vibrational levels of ground state and those of the 1 Σ + and 1 Π bound states have been also used to simulate the vibrational spectrum ( Figure 4 ). The transitions were fitted by Gaussian functions, and the line intensities were estimated from the FC factors by adopting a Boltzmann distribution to simulate the population of each rotational level at 300K. The spectrum depicted is dominated by transitions involving the ground state X 1 Σ + to 1 1 Π, 2 1 Σ − , 2 1 Π, but the most significant transition is for 2 1 Σ + vibrational levels (the most intense peak), and the energy related for this is between 2.10 3 cm −1 and 10 4 cm −1 .The equilibrium distance Re (X 1 Σ + ) = 4.103 bohr is relatively close to Re (2 1 Σ + ) = 4.20 bohr; hence the most probable transition is (ν', ν'') = (0,0). [9] ., * * * Exp., Ref [10] ., * * * * Exp., Ref [11] ., * * * * * Exp., Ref [13] ., Theor., Ref [12] ., Theor., Ref [14] . 
Results and discussion

Neutral MgS
MgS
2+ dication
According to our theoretical calculations, the ground state X 3 Σ − of the MgS 2+ dication has the following electronic configuration (7σ) 2 (8σ) 2 (3π) 2 obtained after the removal of the two electrons from the outermost 3π-orbital of the neutral molecule (7σ) 2 (8σ) 2 (3π) 4 which is of X 1 Σ + symmetry [9] . The equilibrium distance of the ground state of the dication is Re = 4.8 bohr, and this state presents a relatively deep potential well to the dissociation channel. The dissociation energy found is 1.20 eV (see Table 5 ). Figure 5 depicts the MRCI potential energy curves of singlet, triplet and quintet lowest states correlated to the six lowest dissociation asymptotes: Mg + ( 2 S g ) + S + ( 4 S u ), Mg + ( 2 S g ) + S + ( 2 D u ),Mg + ( 2 S g ) + S + ( 2 P u ), Mg + ( 2 P u ) + S + ( 4 S u ), Mg + ( 2 P u ) + S + ( 2 D u ) and Mg + ( 2 P u ) + S + ( 2 P u ). The energy ordering of the asymptotes is deduced from the literature [8] and compared to the values from our calculations; they are found in good agreement for the first four asymptotes and with a little difference for the Mg + ( 2 P u ) + S + ( 2 D u ) and Mg + ( 2 P u ) + S + ( 2 P u ) asymptotes (see Table 4 ). [5] were used for that (Table 6 ). Table 7 gives the spectroscopic constants of the bound electronic states of MgS 2+ . We provide the equilibrium distances (bohr), the harmonic wavenumbers (cm −1 ), the anharmonic terms and the rotational constants (B e and ω ex ). We have calculated the FC factors for the different transitions: from the vibrational levels of X 1 Σ + of the neutral to other vibrational levels of the following states of the dication:
FC factors have been used to simulate the vibrational double-ionization spectrum in order to obtain a fingerprint of this dication and to facilitate its detection and to help future experimental spectroscopic works on MgS 2+ ( Figure 6 ). Only transitions with DJ = 0 were considered. This approach, where the FC factors are calculated for the double-ionization spectrum simulation, was widely discussed and validated in similar works [15] [16] [17] .
The first "band" obtained corresponds to the transition:
This transition appears with a significant intensity due to favourable FC factors. The shapes of the potential energy wells of these electronic states are in favour of a good overlap of the vibrational levels. The spectrum is represented in Figure 6 and an assignment of the transitions is given in agreement with the experimental mass spectrum of Figure 1 . All the transitions have a significant intensity except for 1 1 Π. An explanation is that the Re (1 1 Π) = 4.9 bohr, very different from Re (X 1 Σ + ) = 4.10 bohr of the neutral ground state; consequently, the transitions are between vibrational states of X 1 Σ + and those of the continuum of 1 1 Π with unfavourable overlap (see Figure 6 ), leading to weak intensities. The four peaks of the experimental spectrum are so assigned; the four electronic states of MgS 2+ involved are hence X 3 Σ − , 1 1 Σ + , 1 1 Π and 1 3 Π. Table 9 , the dominant electronic configurations of these states, together with the equilibrium distances, are given. The respective dissociation limits of the excited states are found lower in energy than their potential wells, proving the metastable character of these states. At 35 eV above the neutral ground state, the calculated electronic states are close in energy and can lead to interactions through vibronic or spin-orbit couplings and to the mixing of their electronic wave functions. Figure 7 shows the avoided crossings between the 1 2 Π and the 2 2 Π for R SiN at about 3.6 bohr, between 1 2 Σ + and 2 2 Σ + at 5.8 bohr and also between the 1 2 Δ and the 2 2 Δ for R SiN at more than 6 bohr. These avoided crossings lead to the formation of local minima in the upper states. Table 10 gives the equilibrium distances (R e in bohr), the rotational constants (B e in cm −1 ), the harmonic wavenumbers (ω e in cm −1 ) and the anharmonic term (ω e x e in cm −1 ) deduced from the MRCI potential energy curves and the resolution of the nuclear motion calculations.
As no experimental data are known for this species, all these values are predictive. For the X 4 Σ -electronic ground state of this dication, the equilibrium distance is found at 3.936 bohr. This value is clearly larger than the one computed at 2.985 bohr for the electronic ground state X 2 Σ + of the neutral SiN, resulting in the depletion of the 2π bonding MOs. As the bond length of the dication is longer than that of the neutral, the equilibrium rotational constant of the electronic ground state of the dication is computed at 0.41605 cm −1 , smaller than the one of 0.72305 cm −1 computed for the ground state of the neutral molecule. Concerning the vibration constants of the dication, the ground state values of ω e and ω e x e are computed as 390.305 cm −1 and 1.51086 cm −1 , respectively. For the neutral molecule, these values are computed at 1142.82 cm −1 and 6.37467 cm −1 , respectively. All the values computed for the X 2 Σ + state of the neutral molecule are in close agreement with the experimental determination (R e = 2.985 bohr, B e = 0.723 cm −1 , ω e = 1142.82 cm −1 and w e x e = 6.37 cm −1 Table 11 ). A similar accuracy is expected for the values predicted for the electronic states of the dication. 
Simulation of the double-ionization spectrum of SiN
To obtain a fingerprint of this dication in order to facilitate its detection and to help future experimental spectroscopic works on SiN 2+ , the double-ionization spectrum of SiN ( Figure 9 ) has been simulated. The FC factors between the electronic ground state X 2 ∑ + of the neutral SiN molecule and the electronic states of SiN 2+ have been computed using the LEVEL program [7] . Only transitions with DJ = 0 were considered. The first "band" obtained corresponds to the transition: This transition appears with a low intensity due to unfavourable FC factors. It could not be represented in our theoretical spectrum. The deepness and width of the potential well of this electronic state of the dication and the difference of equilibrium distance between the ground states of the neutral and the dication are not in favour of this transition. Similar situation is obtained for the excited states of the dication possessing low barrier heights and larger equilibrium bond distances compared to the electronic ground state of the neutral SiN (i. Figure 9 and an assignment of the transitions is given in agreement with the experimental mass spectrum of Figure 10 . We should say that we have computed two transitions with favoured FC factors that are:
As these transitions are not spin or symmetry allowed, they are not observed in the experimental mass spectrum. 
Conclusion
In the present theoretical work, a large study and a global view of the potential energy curves, transition moment functions, dissociation energies and the spectroscopic constants of the bound electronic states of MgS and SiN and their respective dications MgS 2+ and SiN 2+ have been performed. Electronic ground states and excited electronic states have been accurately described here. Our calculations predict the existence of metastable electronic states of MgS 2+ and SiN 2+ . Most lines of the experimental mass spectra of these systems could be so assigned. The electronic states of the MgS 2+ and SiN 2+ dications have been determined using highly accurate ab initio computations. The Potential Energy Curves (PECs) were calculated with significant potential wells proving the possible existence of such species. The electronic ground state of SiN 2+ is found of X 4 ∑ -nature (X 3 Σ − for MgS 2+ ) and presents a potential well of about 1.40eV (1.20 eV for MgS 2+ ). Other excited electronic states are also predicted to be bound, and several couplings between these states are supposed to occur. The rotational and the vibrational spectroscopic constants of the bound states are computed. The FC double-ionization spectra of SiN and MgS are simulated using the potential energy curves of the bound states of the dications and those of the electronic ground states of the neutral molecules. The SiN spectrum is mainly composed by the contribution of two excited states of the dication (the 4 2 Π and 2 2 ∑ + ), whereas the peaks due to the ground state and the other bound excited states appear with relatively low intensities, because of the large difference of the equilibrium bond length of these states and that of the ground state of the neutral molecule. The only allowed transitions are first between the X 2 ∑ + state of the neutral and the 1 2 ∑ + state of the dication, and second, much less intense, between the X 2 ∑ + state of the neutral and the 1 2 Π state of the dication. The other double-ionization transitions are spin or symmetry forbidden. This simulated spectrum ( Figure 9 ) is in agreement with the experimental mass spectrum produced at Arizona State University by Franzreb and Williams [1] (Figure 10 ). On the other hand, similarly, we could assign the four peaks of the experimental double-ionization spectrum of MgS. They are due to the transitions between the ground state of the neutral X 1 ∑ + and the X 3 Σ − , 1 1 Σ + , 1 1 Π, 1 3 Π states of the dication. In this work, we could assign the observed bands in the experimental mass spectra of SiN and MgS. All the data given here could also be helpful to future experimental works dealing with the spectroscopy of these dications.
